The effects of film thicknesses on the electronic transport and percolative metal-insulator ͑M-I͒ transition of La 1−x Sr x MnO 3 ͑LSMO͒ films have been investigated. The conductivity increases with the layer thickness; this is regarded as the relaxation of tensile strains and reduction in grain boundaries ͑fewer scattering centers͒ as well as shorter hopping distances, which suppresses the Jahn-Teller distortion or enhances the double exchange. It is also observed by conductive atomic force microscopy ͑CAFM͒ that metallic and insulating regions coexist in LSMO films. The domains undergo a percolative M-I transition, and T M-I observed by CAFM is consistent with the result of four-point probe measurements.
Doped perovskite manganites ͑La 1−x ,Sr x MnO 3 ͒ have been studied for over 50 years due to their unique ferromagnetic and electronic transport characteristics. Generally, the physical properties of thin films are determined not only by their composition 1,2 but also by the strains related to defects, lattice mismatches, and film thicknesses. [3] [4] [5] The lattice strain significantly changes the crystal structure, thereby altering the magnetic properties and carrier transport. 6, 7 For instance, effects of lattice distortion from c / a ratio ͑lattice strain͒ on magnetic properties are discussed in terms of orbital ordering and anisotropy in the hopping integrals. 8 Moreover, it has been reported that the films are intrinsically inhomogeneous and separated various phases with different magnetic and electrical properties, a feature that plays a key role in their behavior. 9, 10 Therefore, it is very important to study the percolative metal-insulator ͑M-I͒ transitions on a submicron scale.
Conductive atomic force microscopy ͑CAFM͒ has been known to be a highly sensitive probe for the surface study, such as surface topographies and electrical properties. However, few observations have been reported on electrical properties of La 1−x Sr x MnO 3 films at high resolutions. In this study, we describe the fabrication of La 0.8 Sr 0.1 MnO 3 ͑LSMO͒ films deposited on Si substrates with film thicknesses of 45 and 163 nm and a subsequent study on the carrier transport in relation to the lattice strain. The percolative M-I transition observed by CAFM is also compared with the macroscopic electrical property of the films. Furthermore, we discuss how the grain boundary and phase separation affect electrical properties with film thickness.
LSMO films with film thicknesses of 45 and 163 nm were grown on SiO 2 ͑200 nm͒ / Si͑100͒ substrates by using rf magnetron sputtering. The sputtering power was maintained at 160 W. The films were deposited on a substrate kept at 600°C in an Ar/ O 2 =2/ 1 atmosphere at a total pressure of 5 mtorr. The crystalline structure of films was examined by x-ray diffraction ͑XRD͒. The stress was measured by the method of substrate curvature with He-Ne laser. The stress of LSMO films was calculated from Stoney's equation. 11 The temperature dependence of resistivity ͑-T͒ of LSMO films was measured by the four-point probe method from 100 to 300 K. The percolative M-I transition was performed in the temperature range from 300 K down to 120 K by CAFM using Si tips with Pt/ Ir coating in an ultrahigh vacuum of 2 ϫ 10 −10 torr. Figure 1 shows the XRD patterns of the 45 and 163 nm LSMO films. Both the films are polycrystalline. Moreover, the full width at half maximum ͑FWHM͒ of the diffraction peaks decreases with increasing film thickness, as shown in an inset of Fig. 1 , which indicates better crystallinity of the thicker film. The cell parameters are a = 3.913, b = 3.914, and c = 3.89 A and a = 3.91, b = 3.912, and c = 3.902 A for the 45 and 163 nm films, respectively. It is noticed that the c parameter increases with film thickness. The c parameter dependence of the thickness might be related to the lattice strain. It is known that the cell parameter of this bulk material is 3.91 A, 12 while that of the bulk Si is 5.43 A. Therefore, the LSMO films grown on Si substrates are expected to expand in the a-b plane. However, with the increase in film thickness, stress relaxation could be induced when the thickness is larger than a critical value. Consequently, the cell relaxes through an increase in the out-of-plane cell parameter. From the above, the thicker film has less stress and leads to a larger c parameter; on the other hand, the thinner film has the contrary result. This phenomenon can be proved by stress measurements. The stresses developed in the 45 and a͒ Electronic mail: yhc513@mail.ncku.edu.tw. 163 nm films are 3.86 and 1.11 GPa, respectively. It is shown that the 45 nm film has the largest stress, indicating lower relaxation of the stress in the LSMO films with a decrease in the film thickness.
The ͑T͒ curves of LSMO films of variable thicknesses are shown in Fig. 2 . A clear transition of resistivity is observed. T M-I is determined at the peak of the ͑T͒ curve. The T M-I of the 45 nm film is 130 K, while that of the 163 nm film is higher at 140 K. The T M-I of the bulk material is around 145 K. 12 Moreover, it is shown that the conductivity increases with the film thickness. The hopping activation energy ͑E hop ͒, which represents the hopping energy of localized carriers in transport properties, is obtained from the fit of the conductivity data at high temperatures, as shown in the inset of Fig. 2 . It is observed that the E hop are 744.1 and 517.4 eV for the 45 and 163 nm films, respectively. This indicates that E hop decreases with increasing film thickness. On the energy scale, a decrease in E hop implies easier delocalization of carriers. It reveals that the thicker film has better conductivity because of more delocalized carrier transport between Mn 3+ / Mn 4+ sites. As described by Zener, 13 the double exchange interaction between Mn 3+ and Mn 4+ ions is simply mediated by mobile carriers in the manganites.
In a fully homogeneous specimen, one would expect a sharp transition in the resistivity from the insulating hightemperature phase into the metallic low-temperature phase at T M-I . However, the measurement shows a broad transition. This effect can be explained in terms of the intrinsic inhomogeneities, which can result in the formation of insulating and conducting domains that coexist within a single sample. This kind of M-I coexistence phenomenon can be regarded as percolative phase separation.
14 In order to confirm the hypothesis of percolative phase separation, the LSMO films are examined by CAFM with a scan size of 1000 ϫ 1000 nm 2 at room temperature. A threshold current of 10 nA and a voltage of 2 V are set for generating a black and white two-dimensional current image. The conducting areas are shown in white, while the insulating regions are shown in black. As shown by the topography images, Figs. 3͑a͒ and 3͑b͒, the former ͑45 nm͒ film exhibits granular shape grains and a microstructure with an average grain size of ϳ40 nm, and the latter ͑163 nm͒ shows irregularly shaped grains and a grain size of about 80 nm. Moreover, by the current images, it can be clearly inferred that insulative and conductive regions coexist in both the LSMO thin films, a feature related to the phenomenon of percolative phase separation. From  Fig. 3͑c͒ , two different I-V characteristics are obtained, a metallic ͑bright area͒ one and an insulating ͑dark area͒ one. It is apparent that the current of the metallic area is larger than that of the insulative region, which denotes that the metallic area is more conductive.
We then considered the M-I transition at a nanoscale. Measurements are performed by CAFM from room temperature down to 120 K for LSMO thin films. The topography and current image of the 45 and 163 nm films are shown in Figs. 4͑a͒-4͑f͒ and Figs. 5͑a͒-5͑f͒, respectively. The two films are conductive at 300 K. However, the 163 nm film has a much higher conductivity than the 45 nm film. The image of conductive regions of both the films is not directly correlated to the granular structure in size and shape, as observed from morphology images. The region of insulating grains of the two specimens gradually increases with decreasing temperature down to a critical value, where the grains become less conductive, leaving fewer conductive clusters embedded in the insulating matrix. Below the critical temperature, the grains gradually become conductive again; this indicates a percolative transition from the insulating state into the metallic state. The M-I transition of the 45 nm film is 130 K, while that of the 163 nm film is higher at 140 K. The transition is diffuse in accordance with the percolative transition proposed by Mathur and Littlewood 15 in relation to the coexistence of metallic and insulating phases. It is also noticed that the T M-I observed from the changes in the current images of the two films are consistent with the macroscopic values obtained from the ͑T͒ measurement.
CAFM is a highly sensitive probe for the surface study. It's known surface effects will influence magnetic and transport properties in manganite films. For example, it is ob- served that the appearance of Mn 2+ component is related to the exposure of samples to ambient atmosphere. The presence of the Mn 2+ oxidation state at the surface could be partially responsible for the degradation of magnetic and transport properties in manganite films. 16 Moreover, Calderón et al. showed that at the outermost layer, the charge state of Mn ions is modified, and the magnetic ordering of spins tends to be antiferromagnetic. 17 Since the surface properties are so different from bulk properties, we need to exclude the surface effects from the CAFM results. From the I-V curve in Fig. 3͑c͒ , we can estimate the resistivity of the conductive area of the 163 nm film at about 0.1 ⍀ cm, while that of the insulative region is around 98.2 ⍀ cm. The resistivity from four-point probe measurement is 2.8 ⍀ cm. The resistivity of the film calculated from CAFM seems to be in agreement with the macroscopic resistivity of the film. This shows that the result of CAFM represents the bulk behavior.
In the perovskite manganites, Mn ions occupy the B site in an oxygen octahedron, which share corners to form a three-dimensional network. The origin of Jahn-Teller distortion is due to electron-phonon coupling, and consequently the oxygen octahedra surrounding Mn ions are deformed. Changes arising from Jahn-Teller interaction of the Mn 3+ ions affect the Mn-O-Mn bond angle as well as the Mn-O distance. With the introduction of stress between Si substrates and LSMO films, a larger distortion in thinner specimens is expected because the larger lattice strain induced by the film thickness would deform the crystal structure, thereby affecting the physical properties. There are other factors that should be considered. They are spatial inhomogeneity of grain boundaries and percolative phase separation. From the topography image in Figs. 3͑a͒ and 3͑b͒ , we can observe that there is a small amount of grain boundaries existing in the thick film. Fewer grain boundaries can reduce the spindependent scattering centers and enhance the double exchange mechanism. Moreover, from the current images in Figs. 3͑a͒ and 3͑b͒, more conducting metallic grains embedded in the insulating matrix can be seen in the 163 nm film, which makes electron transport easier because of the shorter hopping distance for electron transport between the conductive regions. At a film thickness of 45 nm, the Mn-O-Mn bond length is stretched along the in-plane direction by tensile strains, which causes a reduction in the double exchange interaction and an increase in Jahn-Teller distortion. In addition, more scattering centers and larger hopping distances between the conductive regions in 45 nm film will lead to electron transport more difficultly. Consequently, these effects would result in a lower T M-I and conductivity as well as the phenomenon of phase separation. The film thickness of 163 nm, on the contrary, would result in a smaller JahnTeller effect and a percolative phase transition with a higher T M-I and lower resistivity due to lower stress, fewer grain boundaries, and shorter hopping distance.
